reaction mixture was heated at 70°C for 16 h. The reaction mixture was then evaporated almost to dryness and the residue was partitioned between dichloromethane and water. The aqueous layer was extracted with dichloromethane and the combined organic extracts were washed with water and dried over anhydrous magnesium sulfate. The organic solvent was removed under reduced pressure and the residue was purified by flash chromatography with dichloromethane/ methanol/water (60 : 20 : 3, v/v/v) as the solvent to afford GDOPE as a white powder. The cationic lipid 2-O-(2-diethylaminoethyl)carbamoyl-1,3-O-dioleoylglycerol (CLZ-42) was synthesized as described previously. 9, 10) Each synthesized lipid was isolated as a single component on TLC, gave a mass spectrum consistent with the expected structure, and gave the expected characteristic 1 
H-NMR signals (data not shown).
Synthesis of siRNA A model siRNA, siLuc, which is sequence-specific for firefly luciferase mRNA, was synthesized on an Expedite 8909 DNA synthesizer (Applied Biosystems, Foster City, CA, U.S.A.). Its purity was Ͼ90% as determined by capillary gel electrophoresis. The small interfering RNA for vascular endothelial growth factor siVEGF, which is sequence-specific for human vascular endothelial growth factor A (hVEGF-A) mRNA, was purchased from Ambion (Austin, TX, U.S.A.). The siRNA sequences were: siLuc sense strand, 5Ј-GCUAUGAAACGAUAUGGGCdTdT-3Ј; antisense strand, 5Ј-GCCCAUAUCGUUUCAUAGCdTdT-3Ј; siVEGF sense strand, 5Ј-GGAGUACCCUGAUGAGAUCdTdT-3Ј; antisense strand, 5Ј-GAUCUCAUCAGGGUACUCCdTdT-3Ј.
Enzymatic Synthesis of 3 H-Labeled siRNA Tritiumlabeled siLuc was prepared from 3 H-labeled [2,5Ј,8-3 H]adenosine 5Ј-triphosphate and unlabeled deoxyribonucleoside triphosphates by using T7 RNA polymerase with the in vitro Transcription T7 Kit from Takara (Kyoto, Japan). The DNA template was synthesized by Hokkaido Systems Science (Sapporo, Hokkaido, Japan). The specific activity of the labeled siLuc was 6.4ϫ10 5 dpm/mg. Preparation and Characterization of Cationic-Liposome : siRNA Complexes LIC complexed with siRNA was prepared as previously described.
9) LIC-G complexes containing the cationic lipid CLZ-42, POPC as a helper lipid, GDOPE and siRNA were prepared by homogenization and emulsification in 10% (w/v) maltose with a Branson Sonifier Model 250D (Branson Ultrasonics, Danbury, CT, U.S.A.). The lipid composition of the complexes is shown in Table 1 . The particle-size distributions of the LIC-G complexes were determined by dynamic laser light scattering with a Nicomp 380 particle sizer (Particle Sizing Systems, Santa Barbara, CA, U.S.A.). Volume-weighted Gaussian distribution analysis was used to determine the mean particle diameter. For transmission electron microscopy (TEM), samples were placed on a specimen mesh coated with collodion film, negatively stained with sodium phosphotungstate, pH 7.0, and observed under a JEM1200EX electron microscope (JEOL, Tokyo, Japan) operated at 100 kV.
Cellular Uptake of siRNA in Vitro Huh-7 cells (a human hepatoma cell line) were seeded on a 6-well plate at 2.5ϫ10 5 were seeded on 24-well plates and incubated for 48 h. LIC-G complex was added and incubation continued for a further 48 h. The cells were then incubated with WST-8 assay solution for 1 h and the absorbance of the formazan dye generated was measured at 450 nm. The absorbance values were used to calculate cell survival relative to that of untreated control cells.
Assessment of Gene Silencing Huh-7 or HepG2 cells were seeded on a 12-well plate at 1 or 2ϫ10 5 cells/well, respectively, and incubated for 18 h at 37°C under 5% CO 2 . The next day, the culture medium was changed, LIC-G : siVEGF was added, and incubation was continued for a further 24 h under the same conditions. The amount of hVEGF-A protein in the culture supernatant was then measured with a human VEGF immunoassay kit (R&D Systems, Minneapolis, MN, U.S.A.). Control cells were treated with 10% maltose.
Hepatic Cellular Uptake of siRNA in Vivo LIC-G complex containing 3 H-labeled siLuc was administered to mice via the tail vein at a dose of 10 mg/kg. After 1 h, the mice were laparotomized and the liver was perfused in an open circuit through the portal vena cava and the aorta. Perfusion was maintained for 10 min with 0.1 M N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (HEPES) buffer, pH 7.5, and then for 15 min with the same buffer containing 0.05% collagenase. The liver was then removed and the parenchymal cells (PC; i.e., hepatocytes) and non-parenchymal cells (NPC) were separated by differential centrifugation.
11) The final 50-g (PC) and 600-g (NPC) pellets were re- 
RESULTS AND DISCUSSION
We optimized the cationic-lipid content of LIC-G by measuring the particle-size distribution and toxicity towards HepG2 and Huh-7 cells of formulations with increasing cationic-lipid content complexed with siRNA (siVEGF). The mean particle diameter of the LIC-G complexes decreased slightly with increasing cationic-lipid content (Table 1) . Although cell viability was not affected by the cationic-lipid content of the complexes at 10 nM siVEGF, the viability of HepG2 cells (but not Huh-7 cells) decreased slightly with increasing cationic-lipid content at 300 nM siVEGF (Fig. 2a) . Because of this slight effect at the higher concentration, we used LIC-G with the relatively low cationic-noncationic lipid ratio of 6 : 10 for further investigation. In these complexes, the ratio of siRNA to total lipid was 1 : 16 (w/w).
We next determined the relative transfection efficiency of LIC-G1-LIC-G5, a series of formulations with increasing GDOPE content (Table 1), complexed with 3 H-labeled siLuc by measuring the radioactivity taken up by Huh-7 cells during an 8-h incubation with the complexes (Fig. 2b) . Radioactivity was taken up by the cells rapidly at first and more slowly towards the end of the incubation period. At each time point, the uptake tended to increase with increasing GDOPE content.
We then investigated the gene-silencing activity in Huh-7 cells of LIC-G1, LIC-G3 and LIC-G5 complexed with siVEGF. The formulations decreased the production of hVEGF-A protein by 30-90% (Fig. 3a, left panel) . In particular, the LIC-G5 complex produced about twofold greater suppression of hVEGF-A than did the nongalactosylated LIC complex. Furthermore, the gene-silencing effect of the LIC-G5 complex was dose-dependent (Fig. 3a, right panel) . Because LIC-G3 had no noticeable effect on cell viability (Fig.   1340 Vol. 34, No. 8 2a), we were not concerned that the complexes LIC-G1-LIC-G5 tested in the transfection or gene-silencing experiments would have toxic effects on the cells (all of these complexes had a cationic : noncationic lipid ratio of 6 : 10; Table  1 ). LIC-G3 gave a weaker gene-silencing effect (Fig. 3a , left panel) than might have been expected from the extent of its uptake (Fig. 2b) . It is likely that siRNA : LIC-G is taken up by endocytosis, 12) and release from the endosomes to the cytosol is necessary for gene silencing. However, the rate of endosomal escape may vary with the lipid composition, and there may not be a simple linear relationship between the extent of uptake and the gene-silencing effect for formulations with different lipid compositions.
LIC-G5 is the only liposome in this study that contained no POPC helper lipid. (A helper lipid is a neutral lipid used in cationic liposomes complexed with nucleic acids to mediate fusion between the liposomes and the endosomal membrane after cellular uptake of the complexes, thus promoting release of nucleic acid from the endosomes. 13) ) Because RNAi takes place in the cytosol, the fact that the LIC-G5 complex, which contains no POPC, showed the strongest gene silencing of any of the complexes tested indicates that the addition of a helper lipid was not necessary for endosomal release of the siRNA in this cationic lipid system. Previous work on the design of helper lipids for use with cationic liposomes for siRNA delivery 14) suggests that our novel galactosylated phospholipid derivative, GDOPE, may itself function as a helper lipid in this system. By TEM with negative staining, the LIC-G5 : siVEGF complex was visualized as multilamellar vesicles (Fig. 3b,  left panel) . The dark-staining aqueous regions correspond to the condensed siRNA, 15) while the light, unstained regions correspond to the lipid components (see Fig. 3b, right panel) . The sizes of the vesicles observed by TEM are in reasonable agreement with the mean particle size of 147 nm determined by laser particle size analysis. siRNA probably becomes trapped between the lipid bilayers and is protected from enzymatic degradation, as we have shown for LIC.
10) The galactose residues exposed on the outer surface of the liposomes are intended to promote uptake of the complex into hepatocytes by the asialoglycoprotein receptor (ASGR).
The plasma and liver distribution of radioactivity was investigated after administration of cationic liposome:siLuc complexes containing 3 H-labeled siLuc to mice by a single injection into the tail vein at a dose of 5 mg/kg. Five minutes after administration, the liver accumulation of siLuc complexed with LIC-G5 was 1.7-fold higher than that of siLuc complexed with LIC, and after 60 min it was 1.5-fold higher (Fig. 4a) . Conversely, after 5 min, the amount of siLuc remaining in the plasma when LIC-G5 was used as the carrier was 52% lower than when LIC was the carrier, and after 60 min it was 73% lower (Fig. 4a) . With LIC-G5 as the carrier, siLuc was concentrated 2.9-fold in the liver relative to the plasma 5 min after administration, whereas with LIC as the carrier siLuc was not concentrated in the liver.
When mice were pretreated with the ASGR ligand asialofetuin 1 min before injection of LIC-G5, the liver concentrations of siLuc fell to the levels obtained with the nongalactosylated carrier LIC (Fig. 4b, left panel) . This provides evidence that the improved liver uptake of siLuc obtained with LIC-G5 was due to the ASGR. Thus, delivery of siRNA to hepatocytes by LIC-G5 depended not only on nonspecific electrostatic adhesion of the liposomes to the cells but also on specific interaction of the exposed galactose residues with a cell-surface receptor.
To investigate the transfer of siRNA into hepatocytes by LIC-G5 in vivo, we administered LIC-G5 complexed with 3 H-labeled siLuc into the tail vein of mice, performed collagenase liver perfusion, and isolated PC and NPC. The accumulation of siLuc in the PC was 3.7 mg/10 7 cells, and in the NPC it was 0.8 mg/10 7 cells (Fig. 4b, right panel) . With LIC as the carrier, the accumulation of siLuc was lower in both PC and NPC, at 2.0 and 0.2 mg, respectively, per 10 7 cells. Thus, the accumulation of siLuc in PC and NPC was 1.9 and 4.0 times higher, respectively, with LIC-G5 than with LIC. This suggests that LIC delivered siRNA more selectively to PC than LIC-G5 did (Fig. 4b, right panel) , an observation that may be explained by the presence of a galactose-binding glycoprotein receptor on Kupffer cells, the most abundant type of NPC. 16) Because the particle sizes of LIC and LIC-G5 are almost the same (Table 1) , the more selective uptake of LIC-G5 by NPC cannot be explained by the tendency of Kupffer cells to phagocytose large foreign particles more ef- fectively than small ones. However, when it is considered that NPC account for only about 20% of the total liver volume, our results show that most of the siRNA accumulated to the PC with either carrier. The point that we would like to emphasize here is that LIC-G5 produced an almost twofold greater accumulation of siRNA to PC than LIC did.
Several reports have described the use of liposomes targeting cell-surface galactosyl receptors to mediate nucleic acid delivery. Thus, Sato et al. 17) used cationic liposomes containing a galactosylated cholesterol derivative to deliver siRNA to the liver. They observed enhanced cellular accumulation of fluorescein-labeled siRNA with the galactosylated liposomes in liver sections and suggested that the siRNA accumulated in the PC. A similar study by Wang et al. 18) investigated neutral liposomes containing a cholesterol derivative with galactosylated polymers for delivery of oligodeoxynucleotides to the liver. They measured enhanced accumulation of fluorescently labeled liposome complex with the galactosylated liposomes in liver sections. Although these studies have demonstrated liver targeting of oligonucleotides by liposomes bearing galactosyl residues, as far as we know our study is the first to quantify the accumulation of oligonucleotides in isolated PC with 3 H-labeled siRNA. In addition, the galactosylated component of our liposomes, GDOPE, is a novel galactosylated phospholipid derivative, in contrast to the galactosylated cholesterol derivatives previously used.
Sixty minutes after administration, the concentration of siLuc in PC with LIC-G5 as the carrier was 3.7 mg/10 7 cells (about 2.8 mM), almost 30 times the concentration of 100 nM siVEGF that gave strong gene silencing in Huh-7 cells in vitro (Fig. 3a, right panel) . Therefore the concentration of siRNA in the PC achieved by LIC-G5 is in principle sufficient for a therapeutic effect. In addition, we have shown that galactose-modified liposomes based on LIC could achieve enhanced liver concentrations of siRNA without any increase in cationic-lipid content. This is an advantage because a high cationic-lipid content was associated with slight cell toxicity at a high concentration. LIC-G5 showed improved delivery of siRNA both into hepatocytes in vitro and into the liver in vivo, as well as improved gene silencing, compared to LIC despite having no POPC helper lipid. In conclusion, LIC-G5 is a promising liver-targeting delivery system for siRNA which may also be developed for the delivery of other RNA molecules of therapeutic interest.
